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012.06.0Abstract An important error source in satellite surveying deals with the geometry of the visible
satellite constellation at the time of observation. This is similar to the situation in traditional sur-
veys, where the geometry of the network of observed ground stations affects the accuracies of com-
puted positions. Dilution of precision (DOP) is an indicator of the quality of the geometry of the
visible satellite constellation. The value of DOP is very important during observation sessions,
because many projects have special requirements regarding the positioning accuracy. These special
requirements will force the surveyor to hold the survey mission until the value of dilution of preci-
sion at the time of observation meets the project’s requirements. This means that the GPS mission
planning is an essential task before any GPS survey. The task of this paper is related to The GPS
mission planning which the values of dilution of precisions and number of visible satellites should
be predicted for the observation points, this task should determine the best observation periods
which meet the project requirements. This paper explore the process of DOP prediction for long
term by using Standard Product 3 (SP3) ﬁle and attempt to mathematically or statistically bound
the navigation error. In this paper the actual orbital period of GPS satellite was deﬁned and the
DOP contour map over Egypt was constructed. By using these contour maps one can predict the
DOP by knowing the city name.
 2012 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Electromagnetic waves can be affected by several sources of er-
ror during their transmission. Some of the larger errors include
(1) satellite and receiver clock biases and (2) ionospheric and
tropospheric refraction. Other errors in satellite surveyinglty of Engineering, Alexandria
g by Elsevier
g, Alexandria University. Product
01work stem from (a) satellite ephemeris errors, (b) multipathing,
(c) instrument miscentering, (d) antenna height measurements,
(e) satellite geometry, and (f) before May 1, 2000, selective
availability. All of these errors contribute to the total error
of satellite-derived coordinates in the ground stations [1].
Dilution of precision (DOP) or geometric dilution of preci-
sion (GDOP) is a term, used in GPS and geomatic engineering,
to specify the additional multiplicative effect of GPS satellite
geometry on GPS precision [2].
GDOP is the geometric effect of the spatial relationship of
the satellites relative to the user. In surveying terms, it is the
‘‘strength of ﬁgure’’ of the trilateration position computation.
The quality of a navigation solution is affected by the geom-
etry of the participating satellites relative to the user location.ion and hosting by Elsevier B.V. All rights reserved.
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high value of DOP points to an inaccurate position solution
and vice versa. The geometry of the satellites changes with time
due to the relative motion of the satellites and user. In fact, the
DOP is a statistical way of showing the effect of the relative
geometry of the satellites (chosen to get the position solution)
and user on the position solution. Geometrically spaced satel-
lites help in maintaining good solutions while satellites concen-
trated in a narrower region affects the solution negatively [3].
DOP can be expressed as a number of separate measure-
ments. HDOP, VDOP, PDOP, and TDOP are respectively
horizontal, vertical, positional (3D), and temporal dilution of
precision [2].
The paper is organized as follows. Section 2 introduce and
discusses the dilution of precision clarifying the equations used
to calculate the various types of dilution of precision, error
analysis and DOP. While the description of The SP3 ephemeris
data used is presented in Section 3. Section 4 analyze and dis-
cuss the actual case study special regard how to calculate the
DOP value, how to deﬁne the visible satellite and how to deﬁne
the orbital period of GPS satellite. The method of DOP predic-
tion was clariﬁed in Section 5. In Section 6 the DOP contour
map over Egypt was constructed. Conclusions are given in
Section 7.
2. Dilution of precision (DOP)
The signal from GPS satellites has a ﬁxed precision. Due to the
relative geometry of any given satellite to a receiver, the preci-
sion in the pseudorange of the satellite translates to a corre-
sponding component in each of the four dimensions of
position measured by the receiver (i.e. x, y, z, and t). The pre-
cision of multiple satellites in view of a receiver combine
according to the relative position of the satellites to determine
the level of precision in each dimension of the receiver mea-
surement. When visible GPS satellites are close together in
the sky, the geometry is said to be weak and the DOP value
is high; when far apart, the geometry is strong and the DOP
value is low [2]. A GPS receiver computes its three-dimensional
coordinates and its clock offset from four or more simulta-
neous pseudorange measurements of the biased range between
the receiver’s antenna and the antennas of each of the satellites
being tracked. The basic pseudorange is given by:
P ¼ qþ cðdT dtÞ þ dion þ dtrop þ e ð1Þ
In which P denotes the pseudorange measurements; q is the
geometric range between the receiver’s antenna at signal recep-
tion time and the satellite’s antenna at signal transmission
time; dT and dt represent receiver and satellite clock offsets
from GPS time, respectively; dion and dtrop are the ionospheric
and tropospheric propagation delays; e accounts for measure-
ments noise as well as unmodeled effects such as multipath;
and c stands for vacuum speed of light.
The parameter q is a nonlinear function of the receiver and
satellite coordinates. To determine the receiver coordinates,
the pseudorange equations can be linearized using some initial
estimates or guesses for the receiver’s position. The initial esti-
mate corrections can be determined to obtain the receiver’s ac-
tual coordinates and clock offset. Grouping equations together
and representing them in matrix form, the model is now
DPc ¼ ADXþ ec ð2ÞIn which DPc is the n-length vector of differences between cor-
rected pseudorange measurements and modeled pseudorange
values based on linearization point coordinates; DX designates
the four-element vector of unknowns (the receiver position and
clock offset) from the linearization point; A is the n ˙ 4 matrix
of the partial derivatives of the pseudorange with respect to the
unknowns; and ec is the n-length vector of measurements and
other errors [4].
As a ﬁrst step in computing DOP, consider the unit vectors
from the receiver to satellite i:
ðxi  xÞ
qi
;
ðyi  yÞ
qi
;
ðzi  zÞ
qi
 
ð3Þ
where
qi ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxi  xÞ2 þ ðyi  yÞ2 þ ðzi  zÞ2
q
ð4Þ
and x, y and z denote the position of the receiver and xi, yi and
zi denote the position of satellite i. The design matrix A (using
four visible satellites) is given below:
A ¼
ðx1xÞ
q1
ðy1yÞ
q1
ðz1zÞ
q1
c
ðx2xÞ
q2
ðy2yÞ
q2
ðz2zÞ
q2
c
ðx3xÞ
q3
ðy3yÞ
q3
ðz3zÞ
q3
c
ðx4xÞ
q4
ðy4yÞ
q4
ðz4zÞ
q4
c
2
6666664
3
7777775
ð5Þ
The ﬁrst three elements of each row of A are the components
of a unit vector from the receiver to the indicated satellite. The
elements in the fourth column are c which denotes the speed of
light.
DOP can be calculated from the inverse of the normal
equation matrix. Assuming the weight matrix (P) equals unity,
the cofactor matrix follows from:
Qx ¼ ðATPAÞ1 ð6Þ
Qx ¼
qxx qxy qxz qxt
qxy qyy qyz qyt
qxz qzy qzz qzt
qxt qyt qzt qtt
2
6664
3
7775 ð7Þ
DOP is a function of the trace (sum of diagonal elements)
of the covariance matrix of the solution error [3].
The different type of dilution of precision can be deﬁned as
follow:
Geometric dilution of precision
GDOP ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqxx þ qyy þ qzz þ qttp ð8Þ
Position dilution of precision
PDOP ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqxx þ qyy þ qzzp ð9Þ
Time dilution of precision
TDOP ¼ ﬃﬃﬃﬃﬃqttp ð10Þ
Horizontal position dilution of precision
HDOP ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqxx þ qyyp ð11Þ
Vertical dilution of precision
VDOP ¼ ﬃﬃﬃﬃﬃﬃqzzp ð12Þ
Table 1 Meaning of DOP value [2].
DOP value Rating Description
1 Ideal This is the highest possible conﬁdence level to be used for applications demanding the
highest possible precision at all times
1–2 Excellent At this conﬁdence level, positional measurements are considered accurate enough to
meet all but the most sensitive applications
2–5 Good Represents a level that marks the minimum appropriate for making business decisions.
Positional measurements could be used to make reliable in-route navigation suggestions
to the user
5–10 Moderate Positional measurements could be used for calculations, but the ﬁx quality could still be
improved. A more open view of the sky is recommended
Table 2 Error causes.
Error without DGPS (m) Error cause
1.5 Ephemeris data
1.5 Satellite clocks
3.0 Eﬀect of the ionosphere
0.7 Eﬀect of the troposphere
1.0 Multipath reception
0.5 Eﬀect of the receiver
4.0 Total RMS value
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tion mode depends on the one hand on the precision of the
individual pseudorange measurements and on the other hand
the geometric conﬁguration of the satellites used (expressed
with the DOP value). The value of dilution of precision is very
important during observation sessions, Table 1 describe the
meaning of each value.
2.1. Error analysis and DOP
In Global Navigation Satellite System (GNSS) technology, dif-
ferent causes can contribute to the total error:
Satellite clocks: although, for example, every GPS satellite
is provided with four highly accurate atomic clocks, a time
error of only 10 ns is enough to produce a positioning error
in the order of 3 m.
Satellite orbits: generally speaking, the actual value of the
satellite position is only known up to approximately 1–5 m.
Speed of light: the signals from the satellites travel at the
speed of light. These slow down when crossing the iono-
sphere and troposphere and cannot, therefore, be assumed
to be a constant. This deviation from the normal speed of
light creates an error in the calculated position.
Signal travel time error measurement: the GNSS receiver is
only able to determine the time of the incoming satellite sig-
nal with limited accuracy.
Multipath: The error level is further increased by the recep-
tion of reﬂected signals.
Satellite geometry: determination of position is more difﬁ-
cult if the four reference satellites being used for measure-
ment are close together.
There are various causes of measurement errors. Table 2
shows the extent of horizontal position errors from different
source.
By implementing corrective measures DGPS (differential
GPS) the number of error sources can be eliminated or reduced
[5].
The effect of geometry of the satellites on position error is
called geometric dilution of precision and it is roughly inter-
preted as ratio of position error to the range error. Imagine
that a square pyramid is formed by lines joining four satellites
with the receiver at the tip of the pyramid Fig. 1. The larger the
volume of the pyramid, the better (lower) the value of GDOP;
the smaller its volume, the worse (higher) the value of GDOPwill be. Similarly, the greater the number of satellites, the bet-
ter the value of GDOP [2] (see Fig. 2).
The precision of the calculated position for GPS in naviga-
tion mode depends on the one hand on the precision of the
individual pseudorange measurements and on the other hand
the geometric conﬁguration of the satellites used (expressed
with the DOP value). The positional accuracy is reduced when
the four satellites used for measurement are close together. The
precision of the measurement is proportionally dependent on
the DOP value. This means that when the DOP value doubles,
the positional error increases by a factor of two.
Generally speaking, the total position error is an accumula-
tion of other errors multiplied by the DOP value:
Generally applicable: Error (1r) = 1 \ Total RMS
value \DOP value and error (2r) = 2 \ Total RMS
value \DOP value [5].
3. The SP3 ephemeris data used
The initial philosophy behind the Standard Product (SP3) for-
mat was to create an orbit ﬁle that would serve the needs of the
geodetic surveying and scientiﬁc communities, and yet be com-
pact in size [6].
In the resulting SP3 ﬁle the Earth-ﬁxed positions of each sa-
tellite and its clock values are stored in time intervals speciﬁed
by the user. Normally a time interval of 15 min is appropriate
[7].
The data used to calculate the position vectors of the GPS
satellites in ECEF coordinate system are called precise
ephemerides.
Figure 1 The larger the enclosed volume, the smaller the DOP
value.
Figure 2 Local coordinates of the satellite no. (i).
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GPS Time) and are available typically within 2–5 days follow-
ing the observations. They are presently distributed in the
internationally accepted SP3 format which contains all satel-
lites’ X, Y, Z positions and clock information at 15-min inter-
vals [8].
The precise ephemerides consist of satellite positions and
velocities at equidistant epochs. Typical spacing of the data
is 15 min. The precise ephemerides format consists of a header
containing general information (epoch intervals, orbit type,
etc.) followed by the data section for successive epochs. These
data are repeated for each satellite. The positions are given in
kilometers and velocities are given in kilometers per seconds
[9].
The National Geodetic Survey (NGS) standard GPS orbit
format SP1 was introduced in [10]. After a few years of use this
format, it was realized that enhancements would eventually be
required. The ‘‘orbit type,’’ the coordinate system, and the
GPS week associated with the ﬁrst epoch of the ephemeris ﬁle
were added in a manner that did not impact the formats and
existing software.
A more serious omission of the initial NGS orbit format
was the satellite clock corrections. This omission reﬂected an
earlier belief that all geodetic applications could be accom-
plished in differential mode [11].The original Standard Product 3 format (SP3-a) was pro-
posed in [12] and modiﬁed and adopted in [11]. The SP3 for-
mat is similar to the original NGS Standard Product 1
format described in [10,12] but includes additional informa-
tion: satellite clock corrections, orbit accuracy exponents, com-
ment lines, the GPS week and seconds of week associated with
the ﬁrst epoch, and a more ﬂexible header structure.
In 1998, an SP3-b format was deﬁned to allow for the com-
bination of GPS orbits and GLONASS orbits. All of these
SP3-b modiﬁcations were backwards compatible with SP3-a.
At the 2000 International GPS Service (IGS) Analysis Cen-
ter Workshop held at the US Naval Observatory, it was sug-
gested to modify the SP3 format still further so that orbit
ﬁles distributed by the IGS could include some type of clock
accuracy information, and so that separate accuracy informa-
tion would be available for the observed versus predicted parts
of the IGS ultra-rapid orbit ﬁles. Rather than just putting two
sets of accuracy exponents in the header (one for the observed
part and one for the predicted part) it was decided instead to
put accuracy information at each epoch (for X, Y, Z, and sa-
tellite clock correction) [13].
The currently used GPS satellite orbital format distributed
by the IGS is the format deﬁned by the National Geodetic Sur-
vey (NGS), called SP3 format. SP3 is an ASCII representation
that includes the satellites’ position and clock corrections. All
formats have been carefully designed by taking many factors
into consideration including their use for GLONASS and geo-
stationary satellites. While the previous generation could han-
dle only 35 satellites, the second generation can accommodate
up to 85 satellites. Additionally, the header section of the sec-
ond generation has been developed to allow changes and insert
new information, e.g., orbital accuracy information for each
satellite [14].4. Calculating the DOP value
Before conducting a satellite survey, the number and positions
of visible satellites at a particular time and location can be
evaluated in a preliminary least-squares solution to determine
their estimated effect upon the resulting accuracy of the solu-
tion. This analysis produces so-called dilution of precision
(DOP) factors.
If the preliminary least squares analysis gives a higher DOP
number than can be tolerated, the observations should be de-
layed until a more favorable satellite constellation is available
[1].
The following steps should be carried out to calculate the
different types of dilution of precision and number of visible
satellites at any point on Earth, neglecting the effects of ﬁeld
obstacles:
(1) Determine the observation point coordinates in ECEF
coordinate system.
(2) Determine the mask angle required.
(3) Determine the observation time in the GPS time frame.
(4) Determine every GPS satellite coordinates in ECEF
coordinate system at the observation time epoch using
the available satellite ephemerides.
(5) Determine the visible GPS satellites to the observation
point during the time epoch required, taking into consid-
eration the mask angle effect.
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tion point’s coordinates, calculate the different types of
dilution of precision [15].
In this paper it is assumed that there are no obstructions to
obtaining the predicted DOP value. Physical obstructions as
well as radio frequency obstructions can limit receiver’s ability
to track all satellites that could otherwise be seen. This paper’s
analysis will assume that none of those obstructions are in place
and all satellites predicted to be tracked are actually tracked.
4.1. Calculating the visible satellite
In the preceding steps the coordinate of every GPS satellites at
the observation time should be determined. In this section the
procedure for determining the visible satellites for the observa-
tion point (o) at the time of observation (t) will be discussed.
Considering the following elements
Xit; Y
i
t; Z
i
t The ECEF coordinates of satellite
number (i) at epoch (t)
Xo, Yo, Zo The ECEF coordinates of the receiver at point (o)
uo; ko; ho The geodetic coordinates of the receiver at point (o)
nio, eio, uio The local coordinates of satellite no. (i) at epoch (t)
qioðtÞ The unit vector from the receiver
point (o) to satellite no. (i) at epoch (t)where
qioðtÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðXit  XoÞ2 þ ðYit  YoÞ2 þ ðZit  ZoÞ2
q
ð13Þ
Instead of using the components [X, Y, Z] for the Cartesian
coordinates, the vector notation X will be used. Thus the vec-
tors Xo and Xi represents, respectively, [Po] the receiver point
(o) and [Pi] the satellite number (i) at epoch (t). Deﬁning the
vector between these two points in the global coordinate sys-
tem by Xio ¼ Xi  Xo, this vector may also be deﬁned in the lo-
cal level system referenced to the tangent plane at Po and
introducing the notation xij.
The axes no; eo; uo of the local (tangent plane) coordinate
system at Po corresponding to the north, east and up directions
are represented in the global system by the rotationmatrixR [9]:
R ¼
 sin/o cos ko  sin ko cos/o cos ko
 sin/o sin ko cos ko cos/o sin ko
cos/o 0 sin/o
2
64
3
75 ð14Þ
Now the component nio, eio, uio of the vector xio in the local
level system can be introduced
xio ¼
nio
eio
uio
2
64
3
75 ¼ RTXio ð15Þ
Then calculate the azimuth of every satellite and if the azi-
muth of a satellite is larger than (90-mask angle) then this sa-
tellite is invisible to the observation station or below the mask
angle and must be neglected [15].
Azimuth ¼ cos1 uioﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðnioÞ2 þ ðeioÞ2 þ ðuioÞ2
q
0
B@
1
CA ð16ÞAfter preparing the data as described earlier, it can be cal-
culate the dilution of precision for the observation point (o) at
the time of observation (t) using the Eqs. (3)–(12) which is clar-
iﬁed in Section 2.
The least square method is used to carry out the previous
calculations procedures. These procedures contain a huge
matrices and matrix operations like multiplication and inverse,
so a program was developed by using Excel to perform all
computation procedures.
4.2. Orbital period
The orbital period is simply how long an orbiting satellite
takes to complete one orbit.
It is straightforward to calculate the time it takes for the sa-
tellite to complete one orbital revolution. The orbital period is
approximately T= 11 h 58 min. Therefore a GPS satellite
completes two revolutions in 23 h 56 min. This is intentional,
since it equals the sidereal day, which is the time it takes for
the Earth to rotate 360. (Note that the solar day of 24 h is
not 360, because during the day, the position of the Sun in
the sky has changed by 1/365.25 of a day, or 4 min, due to
the Earth’s orbit around the Sun.) Therefore, every day (minus
4 min), the satellite appears over the same geographical loca-
tion on the Earth’s surface [16].
To deﬁne the orbital period of GPS satellites from the SP3
ﬁle, the time which the satellite cross the equator plane must be
estimated. The relationship between the time in days (horizon-
tal axis) and the orbital period in minutes (vertical axis) was
drawn for about 225 days as shown in Fig. 3. From this ﬁgure
the period varying from 718.0739 min to 718.0966 min with the
max difference equal 1.363538 s and The average orbital peri-
od of GPS satellites is about 718.08595336 min and their
ground tracks repeat every two orbits equal to 1436.172 min
and this value equal to 23 h 56 min 10.3144 s, i.e., approximate
one solar day less 4 min.
If the relationship between the time in hour (as horizontal
axis) and the PDOP (as vertical axis) was drawn, One would
expect the DOP values to be correlated at the same time each
day (more precisely at the 23:56: 10.3144 mark) as shown in
Fig. 4.
5. DOP prediction
The GPS mission planning is an essential task before any GPS
survey. The GPS mission planning is a pre-survey task in
which the values of dilution of precisions and number of visible
satellites should be predicted for the observation points, this
task should determine the best observation periods which meet
the project requirements. An accurate GPS mission planning
will result in shorter observation sessions and high positioning
accuracies which subsequently will result in lower cost for the
GPS survey.
If the PDOP values is known for a period of 24 h it can be
predict the PDOP values for the future by using the constant
period as deﬁned in previous section (23 h: 56 m: 10.3144 s),
for example the predicted PDOP values after 37 days as shown
in Fig. 5 and the predicted PDOP values after 68 days as
shown in Fig. 6. From Figs. 5 and 6 it can be notice that there
is coinciding between the actual and predicted values of
PDOP.
Figure 3 GPS orbital period.
Figure 4 Time – PDOP.
Figure 5 Predicted PDOP after 37 days.
Figure 6 Predicted PDOP after 68 days.
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A grid was constructed over Egypt with two degree interval in
both latitude and longitude, the grid boundaries is 22–32N in
latitude and 24–37E in longitude. The SP3 ﬁle was used for
this analysis. The dilution of precision was calculated at every
grid point using time interval of 15 min and mask angle of 15,
the ﬁeld obstacles effects were neglected. The PDOP contour
map over Egypt for six different times was displayed in Fig. 7.
In Fig. 7 the contour interval equal 0.05. As shown in
Fig. 7, the max difference in PDOP value over
Egypt = 0.074/200 km this means that it can be predicated
the DOP value for any location over Egypt by knowing the
name of city only which the approximate geographical coordi-
nates is known.7. Conclusion
Based on investigations carried out and the experimental re-
sults obtained in this study, the following conclusions can be
drawn:
 A new methodology has been proposed to predict DOP
value at any point over Egypt from SP3 ﬁle for long term.
 From the results, the average orbital period of GPS satel-
lites is about 718.08595336 min and their ground tracks
repeat every two orbits equal to 1436.172 min this value
equal to 23 h 56 min 10.3144 s.
 The max difference in PDOP value over Egypt = 0.074/
200 km.
Figure 7 PDOP map over Egypt.
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228 A.M. El-naggar It can be predicated the DOP value for any location over
Egypt by knowing the name of city only which the approx-
imate geographical coordinates is known
 DOP map over Egypt for different times has been drawn.
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